Pyruvate kinase (EC 2.7.1.40) is a key regulatory enzyme found in all cells and tissues during glycolysis. The properties of the enzyme have been reviewed by Boyer (1962) and Kayne (1973) . The regulation of the activity of pyruvate kinase is important in the control of glycolysis, especially in tissues capable of gluconeogenesis, and three major classes of isoenzymes have been identified. The L-type shows a sigmoidal dependence of activity on phosphoenolpyruvate concentration and is inhibited by gluconeogenic amino acids such as alanine. The addition of the activator fructose bisphosphate enhances the affinity for phosphoenolpyruvate. The L-type is also allosterically activated by H+ and inhibited by ATP. In contrast the M-type enzyme does not normally possess allosteric properties, although conditions can be found under which it displays kinetic properties typical of a regulatory enzyme (Phillips & Ainsworth, 1977; Odedra & Palmer, 1980) . The A-type enzyme has properties intermediate to those of the M-and L-type enzymes. For example the A-type enzyme isolated from trout shows an enhanced affinity for phosphoenolpyruvate in the presence of fructose bisphosphate (J. C. Nocton, unpublished work). The available evidence supports the conclusion that all isoenzymes of pyruvate kinase have essentially the same tertiary structure, which can take up one of several closely related conformations. Normally in vivo the M-type isoenzyme is in the fully active conformation, while the exact conformation of the other isoenzymes will depend upon the concentration of substrates and the various allosteric activators and inhibitors.
Crystal structure of cat muscle pyruvate kinase
The crystal structure at a resolution of 0.26nm of the M-type enzyme isolated from cat muscle has been described by Stuart et al. (1979) . The molecule is a tetramer composed of four crystallographically identical subunits each of mol.wt. 60000. The overall subunit shape is approximately elliptical with a circular cross section of 4.5 nm in diameter and an overall length of 7.5nm. Each subunit comprises some 550 amino acid residues and the polypeptide chain is folded onto three distinct domains. Domain A is the largest and contains a cylindrical 8-sheet of eight parallel strands. Adjacent strands are connected by a-helices, running anti-parallel to the strands of sheet which form an outer cylinder coaxial with the first. Between the third strand of 8-sheet and the third helix of domain A the chain folds up into domain B. This domain consists mainly of antiparallel /3-sheet. It forms the part of the subunit furthest from the centre of the tetramer and its structure appears to be somewhat flexible. After completing domain A the chain forms domain C, which contains both a and /3-secondary structure. Thus domain A is at the centre of the subunit and is flanked by B on the outside of the tetramer and C towards the centre of the tetramer. There are two types of close intersubunit contact. In the first, three helices of domain A pack against the equivalent three helices in another subunit. The second is between two C domains.
Muscle pyruvate kinase will form stable binary and ternary complexes with activating cations and substrates. The enzyme requires two bivalent cations, such as Mg2+ or Mn2+, and a monovalent cation, normally K+, per active site (Mildvan et al., 1976) . The results of binding experiments in the crystal have been described by Stammers & Muirhead (1975) and Levine el al. (1978) . The active site lies in the cleft between domains A and B but closer to domain A. Phosphoenolpyruvate binds at the carboxy end of the eight-stranded cylindrical sheet of domain A close to its axis. The binding of the enzyme-bound bivalent cation Mn2+ is pH-dependent with tighter binding above pH 7.0. It binds about 0.25 nm from the phosphoenolpyruvate site. Mn-ATP binds radially perpendicular to the axis of the cylinder with the terminal phosphate overlapping the phosphoenolpyruvate-binding site and the other end of the molecule extending towards three strands 3 and 4 of the 8-sheet. At pH 6 ADP (in the absence of any bivalent cation) binds at a second site in a pocket formed between domains A and C, which is accessible from the surface of the tetramer. It interacts with the amino ends of /%strands of the cylindrical sheet and the carboxy end of a helix in domain C. It is possible that this is an allosteric activator or inhibitor-binding site in the muscle enzyme.
Correlation of amino-acid sequence with the crystal structure
In skeletal-muscle pyruvate kinase the modification of the most reactive thiol group does not lead to loss of activity Flashner et al., 1972; Stammers & Muirhead, 1975) . Similarly on yeast pyruvate kinase the thiol group with highest reactivity is at neither the allosteric nor the active site (Wieker & Hess, 1972) . A 17-residue peptide containing this reactive thiol group has been isolated from the cat muscle enzyme and sequenced 593rd MEETING, SOUTHAMPTON (Harkins & Fothergill, 1977; L. A. Fothergill, personal communication) . Very similar sequences are found for the same peptide isolated from the rabbit muscle enzyme and the allosteric sturgeon muscle enzyme (Anderson & Randall, 1975) . In the crystalline form this reactive thiol group was labelled by heavy atoms (Stammers & Muirhead, 1975 ). In the model of cat muscle pyruvate kinase described above this heavy-atom site lies between helix 6 of domain A and helix 1 of domain C. It proved to be impossible to fit the sequence to either of these helices. However, closer inspection of the electron-density map revealed the presence of some density which had not been interpreted in the construction of the model. This electron density preceded the original amino-terminus and contained 26 residues on two sections of extended chain connected by a short helix. The 17-residue peptide was fitted to the electron-density map starting at residue 11 in this extra density. The additional residues lie between domains A and C and also between the two subunits interacting through domain A. Thus this highly conserved N-terminal loop connects the secondary ADP-binding site to an intersubunit boundary and could be important in the allosteric control of the enzyme.
The muscle enzyme loses its ability to catalyse phosphoryl transfer when an essential lysine &-amino group is converted into the N-trinitrophenyl derivative. This lysine is protected by ADP, suggesting that it is involved in the binding of nucleotides (Flashner et al. 1973) . Peptides containing this essential lysine have been isolated and sequenced for the bovine and the cat muscle enzyme (Johnson et al., 1979; Russell et al., 1979; L. A. Fothergill, personal communication) . Using secondarystructure prediction method (McLachlan, 1979) part of this sequence is predicted to be helical and fits the density for helix 3 of domain A. This interpretation places the lysine residue at the active site of the enzyme at the connection between the 'C-terminus of domain B and helix A3.
Correlation of X-ray and n.m.r. data
Mildvan and co-workers have studied the conformation of various substrates bound to rabbit muscle pyruvate kinase using paramagnetic probes (Mildvan et al., 1976) . By combining the interatomic distances derived from the n.m.r. results with the crystallographic results it has been possible to build a model of the substrates bound to the active site of pyruvate kinase. The ATP was co-ordinated to the enzyme-bound manganese, keeping the restrictions placed on its conformation by the measured distances from the bivalent cation and fitted into the model. The adenine base must fit between strands 3 and 4 of the cylindrical sheet of domain A so that the plane of the extended nucleotide is almost perpendicular to the plane of the P-sheet. A similar attempt was made to fit phosphoenolpyruvate to the density in the difference map using the distances from the n.m.r. results to place restrictions on the conformation of phosphoenolpyruvate. However, it was not possible to both obey the n.m.r. restrictions and keep the carbon skeleton in the density. When the restrictions were lifted it was possible to place the phosphoenolpyruvate in the density so that the whole molecule was in the second sphere complex with Mn2+ with about 0.1 nm between its phosphate group and the y-phosphate of ATP as suggested by Mildvan et al. (1976) . Thus the phosphate group could be transferred directly without the necessity for an enzyme-phosphate intermediate. The small discrepancies suggest possible conformational changes in the tertiary structure when all substrates and activating cations are present simultaneously. However, such changes would be small.
The structure of domain A of pyruvate kinase bears a remarkable similarity to that of triose phosphate isomerase (Stuart et al., 1979) . The active site of the isomerase is thought to involve glutamate-165 on strand p6, which acts as a base in the enzyme-catalysed reaction (Phillips et al., 1977) . In pyruvate kinase the corresponding residue has a side chain of the correct length and density to be an extended glutamate residue. The side chain is in the correct position to allow protonation from beneath the phosphoenolpyruvate double band plane, at the 2-si face, as established by Rose (1970) . The side chain is within 0.25 nm of the methylene proton in phosphoenolpyruvate, which is certainly within easy access for attack. A conformational change to reconcile the n.m.r. and crystallographic data would actually bring this proton nearer to the glutamate carboxy group and allow better access to the 2-si face.
